INTRODUCTION
While human thinking is often guided by widely accepted concepts, random natural evolution can outperform man-made devices and materials (Gondarenko et al. 2006; Potyrailo et al. 2007) . Bioinspiration opens up new directions in materials science (Sanchez et al. 2005) , nanotechnology (Sarikaya et al. 2003; Wickson 2008) , photonics (Vukusic & Sambles 2003) and several other fields of science and technology. Since vision is an extremely important communication channel for living organisms (Parker 2004 ), many organisms use colour for visual communication. Usually, coloration is produced by pigments ('chemical' colour) , but some organisms have developed photonic nanoarchitectures to generate colour ('physical' or 'structural' colour) (Vukusic & Sambles 2003; Parker & Townley 2007) . The very colourful world of insects (Berthier 2007) offers numerous examples of conspicuous structural colours (Vukusic et al. 1999; Kertész et al. 2006; Prum et al. 2006; Yoshioka & Kinoshita 2007; Giraldo et al. 2008) as well as very efficient cryptic structural coloration (Kertész et al. 2006; Biró et al. 2007) . Beetles frequently exhibit fascinating coloration based on opal-type (Parker et al. 2003; Welch et al. 2007) or multilayer structures (Parker et al. 1998; Vigneron et al. 2006; Seago et al. 2009 ); the latter may even be switchable ). Such nanoarchitectures have been successfully reproduced recently (Parker et al. 1998; Watanabe et al. 2005; Huang et al. 2006; Kertész et al. 2008) . Here, we show a novel photonic nanoarchitecture-occurring in the elytra of Taiwanese Trigonophorus rothschildi varians beetles-and its bioinspired, artificial counterpart, exhibiting similar behaviour to the natural nanoarchitecture.
Certain types of nanoarchitectures that can generate colour are known as photonic crystals (PhC) or photonic band gap (PBG) materials in physics and materials science. The concept of PhC or PBG material, a composite structure constructed from two separate materials with distinct optical properties (refractive index), was introduced 20 years ago by Yablonovitch (1987) and John (1987) . It is widely accepted that the periodic alternation of the two media with refractive indices of n 1 and n 2 can be achieved in one, two or three dimensions ( Joannopoulos et al. 2008) . On the other hand, very few structures composed of intercalated structures of different dimensions have been investigated (Chutinan & John 2005) . Intercalated photonic nanoarchitectures are understood as complex nanostructures that can be decomposed into two or more distinct nanostructures, each with its characteristic dimensionality (one, two or three dimensions). The individual nanostructures composing the intercalated nanoarchitecture occupy the same volume, interpenetrating each other. An example composed of intercalated one-and two-dimensional photonic nanostructures of biological origin has been recently reported for the first time (Rassart et al. 2008) . Such a naturally occurring intercalated structure, found in the elytra of T. rothschildi varians, was characterized structurally and optically and reproduced artificially.
EXPERIMENTAL RESULTS AND DISCUSSION
The first remarkable feature of the T. rothschildi varians beetles is that, in the same habitat and in the same period, one may encounter various colours ranging from orange to violet or even black (figure 1). Field observation yields an 80 per cent occurrence of the green variant, 10 per cent for the orange variant and around 5 per cent for the violet variant, while the rest are black or of mixed colour (e.g. Harink 2009 ). Such a colour variation within the same population of beetles was investigated previously in only one case and attributed to a simple one-dimensional PhC-type structure (Kurachi et al. 2002) . The second remarkable feature of the colour of these beetles is its visibility under a wide angular range, a behaviour not expected from a simple multilayer structure. Scanning electron microscopy (SEM) reveals a multilayer structure (one-dimensional PhC); the results for an orange, a green and a violet individual are shown in figure 2a. One may note in the SEM images that, in a somewhat unusual way, the parallel layers of the multilayer structure are crossed by rod-like formations. The presence of the multilayer and rod-like formations in the same volume indicates an intercalated photonic nanoarchitecture. The insets in figure 2a give the period of the one-dimensional PhC, as measured from the SEM images (orange, 200 nm; green, 180 nm; and violet, 150 nm) , and the calculated position of the reflectance maxima for normal incidence (orange, 590 nm; green, 531 nm; and violet, 443 nm) using a simple multilayer approach. The same value of 0.15p for the air gap between the chitin layers (n ¼ 1.56; Vukusic et al. 1999 ) was used for all three colours (where p is the average period of the multilayer, as measured from SEM images). The absence of filling between the chitin layers was checked by cutting the elytra at an oblique angle and carefully examining the cut with SEM. Similar air gaps were found previously in metallic wood-boring beetles, too .
Somewhat unexpectedly, when measuring the normal incidence reflectance on the flattest region of the elytra with a fibre-optic spectrometer (Avaspec 2048/2), using a white diffuse reflectance standard for comparison, no clear maxima were found. An almost flat plateau was found for all investigated colours in the wavelength range of 300 -650 nm, with reflectance values in the range of 50 per cent. This unsaturated reflectance is attributed to the topmost, unstructured glassy (wax) layer of the epicuticle, seen in figure 2a for the violet T. rothschildi. In contrast, when measuring the reflectance with an integrating sphere (illuminating the sample at an 88 deviation from normal and collecting the reflected light under all angles), well-defined reflectance maxima were found at wavelengths in satisfactory agreement with the calculated values in the inset of figure 2a. The reflectance curves measured with the integrating sphere and the photographs taken under identical conditions on the elytra under normal incidence are shown in figure 2b ,c, respectively. One may note that, under close to normal observation (in both figures 1 and 2c) in the topmost part of the elytra, the colour is brownish, rather than having a saturated, vivid colour. Such behaviour is unexpected for a one-dimensional PhC (multilayer) and indicates the presence of non-specular components in the reflectance.
To elucidate the possible role of pigmentation, 1 mm thick cross-sections of the elytra were prepared for optical microscopy. As shown in figure 2d , only the region of the epicuticle containing the one-dimensional PhC was pigmented, and all three investigated beetles showed the same yellow-brownish pigmentation, very likely arising from melanin.
To gain more insight into the way in which incident light is reflected by the elytron of T. rothschildi varians, we carried out careful spectro-goniometric measurements using the Avaspec fibre-optic spectrometer in combination with a goniometric stage in a similar set-up to that reported earlier (Kertész et al. 2006) . In the first experiment, the flattened piece of the elytron was initially illuminated under close to normal incidence, in such a way that the illumination fibre and Figure 1 . Group of T. rothschildi varians in their natural habitat. The three colour variations discussed in the paper can be clearly distinguished. One may note that some green and orange individuals seen under certain angles may exhibit an apparently dark brown coloration, which disappears with the change of the observation angle.
the pick-up fibre were placed as close to each other as their physical dimensions allowed (figure 3a inset). This position corresponds to 08 illumination on the three-dimensional graph in figure 3a. Then, keeping the position of the fibres fixed, the piece of elytron was tilted on the goniometer in such a way that the normal to the elytron scanned the angular range from 2508 to 508. For all three colorations, similar results were obtained: (i) a relatively high (50%), unsaturated reflectance for angles close to normal incidence-as already measured in normal incidence reflectance experiments-and (ii) characteristic and saturated maxima in the ranges of 308 to 508 in both positive and negative angular domains for the respective colours (orange, green and violet). The saturated maxima correspond to light incident on the elytra in the angular range from 308 to 508 being backscattered close to the incident direction. This behaviour is unexpected from a simple multilayer structure. A three-dimensional presentation of the goniometric reflectance data is given for the orange beetle in figure 3a . The slight asymmetry with respect to 08 is due to the moderate curvature of the piece of elytron used. Similar results were recorded for all three colours when the elytron was rotated by 908, while keeping its plane fixed. This shows that the direction of the non-specular reflectance is not associated with a particular orientation of the elytron. In fact, this indicates that light is backscattered under these conditions between two cones with the same apex, one having an opening of 308 and the other an opening of 508.
The continuous reflectance around 08 is attributed to the glassy cover layer of the elytron (specular reflectance), while the specific non-specular reflectance (orange, green and violet) is attributed to the multilayer structure with periodicities corresponding to the respective colours. Again, this behaviour where the structure-specific colour is best observed under off-normal and non-specular conditions is somewhat unexpected for a multilayer structure.
Subsequently, to safely decouple the specular reflections from non-specular ones, the illumination and pick-up fibres were both placed on a line of latitude of the upper hemisphere, elevated at 308 from the equatorial plane, while the piece of elytron was arranged in a vertical position in the centre of the sphere (see inset of figure 3b). The angle of the illumination fibre with respect to the plane of the elytron was fixed, while the pick-up fibre was scanned along the line of latitude from 2808 to 408, with the zero being at the plane crossing the north pole of the sphere, the centre O and point B (see inset of figure 3b). The monotonous shift of the wavelength of the reflectance maximum was observed as the angle of the pick-up fibre was varied from 408 to 2808 (figure 3b). The shift of the wavelength of the reflected light with increasing angle of incidence is not unexpected for a multilayer; on the other hand, in such a non-specular geometry like the one used in figure 3a ,b, a one-dimensional PhC (Bragg reflector) should not give any reflected light. This was confirmed by carrying out similar experiments with an artificial regular multilayer material under identical conditions Artificial photonic nanoarchitecture L. P. Biró et al. 889 to those used for the elytra. All three colours-orange, green and violet-exhibited similar behaviour in the spectro-goniometric experiments. To gain insight into the reasons for this unusual behaviour, the structure of the elytra were examined in more detail. A more careful examination of the SEM images in figure 2a reveals that the regularity of the multilayer structure is broken by the presence of randomly distributed rod-like features, each crossing 10 -20 periods of the multilayer structure. Although not rigorously normal to the plane of the layers, the rod-like features are present in all the colorations we have investigated and are oriented close to the direction normal to the plane of the chitin layers. In the first approximation, the rods will be treated as being perpendicular to the layers.
The two nanoarchitectures-(i) a regular onedimensional PhC, composed of chitin layers with periodicity p and an air gap separating them, with a thickness of 0.15p (figure 4a) and (ii) the same multilayer structure in which randomly arranged chitin rods were intercalated (figure 4b)-were used to model light reflection from the structures. Hereafter, the multilayer structure with rods will be called an 'intercalated' structure, as it can be regarded as being built from two different interpenetrating structures.
A FINITE DIFFERENCE TIME DOMAIN software was used to compute the intensity and the direction of the light reflected and transmitted through the model nanoarchitectures; the time evolution of the scattering process was investigated in detail. The time evolution of the light pulse was calculated by solving the Maxwell equations on a spatial two-dimensional grid of 9 Â 20 mm, using the Yee algorithm (Yee 1966; Taflove & Hagness 2005) . The edges of the grid were closed with a perfectly matched layer (Taflove & Hagness 2005) in order to ensure an absorbing boundary condition. Calculation was performed until the total electromagnetic energy on the grid became negligible. The incoming wave packet was a sinusoidal pulse, i.e. a half sine wave envelope was applied to a Gaussian beam of l 0 ¼ 0.5 mm wavelength. The width of the sinusoidal pulse was 4 fs, so its spectral distribution spreads to the whole visible spectrum. Hence, it can be regarded as being white light.
Two cases are presented here: the normal incidence case and the case with a 308 incidence of incoming light at 31 fs from the launching of the initial light pulse. It is clearly shown in figure 4b that the presence of the randomly arranged rods produces the angular broadening of the reflected light at non-normal incidences. The one-dimensional PhC shows specular reflection as expected; the intercalated nanoarchitecture practically irradiates the whole hemisphere situated on the side of the incoming light with reflected light. In figure 4b , dotted blue lines have been inserted to help compare the angular opening of the reflected beams in the upper and lower panels. In figure 4c , the spectral distribution of the backscattered (light reflected along the direction of the incoming pulse) light for normal and 308 incidence is shown. It was calculated by 'measuring' the time-dependent flux both at the reference detector and at the reflected wave detector, F ref (t) and F R (t). The absolute spectral distribution The sample is tilted so that its normal scans the angular range 2508 to 508. The inset shows the schematic experimental geometry. One may note an unsaturated, specular reflection somewhat shifted from 08 due to the slight curvature of the elytron and two, non-specular maxima around 2308 and 308 at the same wavelength at which the reflectance maximum is found with the integrating sphere.
(b) Using fixed 308 illumination angle both from the equatorial plane and from the plane of the elytron with fixed sample position, the pick-up fibre scans along the line of latitude from 2808 to 408. The zero is placed in the plane passing through the north pole and points to O and B; see inset for the schematic experimental arrangement. Note the continuous shift of the reflected wavelength with the increasing angle between the illuminating and the pick-up fibres. The reflectance values are colour coded, the intensity increases from blue to red. The sign of the angles is given using the trigonometric convention.
was then calculated by Fourier transforming the timedependent fluxes. Finally, we divided the reflected absolute spectrum by that measured at the reference detector, in order to eliminate the spectral distribution of the incoming wave packet, and changed the variable from frequency to wavelength, i.e.
To facilitate comparison, each curve was normalized. One may note that, in the normal incidence case, there are no significant differences in the intensities of reflected light coming from the two different nanoarchitectures, and a moderate red shift is observed for the intercalated one. On the other hand, at the off-normal incidence, the intercalated nanoarchitecture backscatters the light with a slightly blue-shifted maximum and reflected light is sent in all directions, while the one-dimensional PhC component of the structure behaves specularly, i.e. it does not backscatter any light. The decrease in the absolute value of the intensity of backscattered light for the 308 incidence on the intercalated nanoarchitectures (7% when compared with 42% for normal incidence) is caused by the reflected light being distributed more uniformly over a wider angular range than in the case of normal incidence. We tried to reproduce such an intercalated structure artificially. However, we did not adopt a 'mimetic' approach, but rather we took 'inspiration' from the biological nanoarchitecture, adapting its basic principles to the available technology we planned to use. A standard multilayer structure was prepared by physical vapour deposition: five periods of amorphous SiO (50 nm)/SiGe (45 nm) were deposited on a Si wafer. This one-dimensional PhC was transformed into an intercalated nanoarchitecture by focused ion beam (FIB) nanomachining. Two kinds of patterned squares were produced side by side: a random distribution of holes (figure 5a) with average distances between the holes of 743, 743, 609 and 580 nm, and a regular square lattice of holes with a lattice parameter of 746 nm (figure 5b). Two identical, random patterns with a distance of 743 nm between hole centres were produced side by side to check for the reproducibility of the production process if all parameters are kept constant. The total size of the intercalated nanoarchitecture with the random hole pattern was increased by writing the same random pattern in a 3 Â 3 array. The average distance of the holes in the random pattern was varied by decreasing the size of the individual random patterns composing the 3 Â 3 arrays.
The two different kinds of intercalated nanoarchitectures were examined by optical microscopy, with the optical axis of the microscope normal to the plane of the sample. First, illumination through the microscope Comparison of the propagation of reflected waves for the regular multilayer and the intercalated structure for normal and 308 incidence at 31 fs from the launching of the initial light pulse. Dotted blue lines were inserted to help guide the eye in the estimation of the angular opening of the reflected light. One may note that, while in the normal incidence case, there are only moderate differences between the regular and the intercalated structures, at 308 incidence, the difference is dramatic. (c) Spectrum of the reflected light passing through the 'reflected detector' (see in (a)): solid line, regular multilayer normal incidence (46%); dotted line, intercalated multilayer, normal incidence (42%); and dash-dotted line, intercalated multilayer, 308 incidence (7%). As seen in (b) for the regular multilayer, under 308 incidence, no light passes through D R . To help the comparison, all spectra were normalized to unity. Figures in the inset indicate the value of the reflectance maximum for the 'measurement' to the white standard. One may note that, in the normal incidence case, only a minor decrease in the intensity and a narrowing of the reflected maximum is found for the intercalated structure, while, for 308 incidence, a lower intensity, blue-shifted peak is observed. The decrease in intensity is associated with the very wide angular opening seen in (b).
Artificial photonic nanoarchitecture L. P. Biró et al. 891 was used (figure 5h), then external illumination was used under several angles ( figure 5c-g ). Under illumination through the microscope, the squares appear darker than the unmodified multilayer due to the light scattered under different angles (because of the wider angular spread, less light will be collected by the microscope objective) as compared with the one-dimensional structure. All squares appear brownish-yellow, while the unmodified multilayer is bright yellow (figure 5h).
Subsequently, an external light source was used to make it possible to change the angle of illumination while keeping the position of the objective and the sample unchanged. In figure 5c -f, the light was incident in a plane parallel with the rows of holes in the regular pattern, while the angle of the illumination, as measured from the sample normal, was changed from 758 to 358. In figure 5g , the illumination angle with respect to the sample normal was fixed at 458, as in figure 5e, but the sample was rotated in its plane so that the plane of incidence of the light made an angle of 458 with the rows of the regular pattern.
The one-dimensional PhC appears as a black background due to its specular behaviour, while all the squares show different colours that depend on the illumination angle, the period and regular or irregular arrangement of the holes (figure 5c-g). One can easily see that the most significant difference in colour is produced by the regular versus irregular arrangement of the holes, the change of the illumination angle being a less important factor. It is worth pointing out that the colour of the regular pattern is significantly more illumination angle dependent than that of the random patterns, irrespective of their average hole-to-hole distance (figure 5). Another very significant difference between the regular and the random patterns is the disappearance of the regular pattern when the orientation of the illumination plane makes an angle of 458 with the rows of holes (figure 5g). This is a strong indication that the colour of the regular pattern is produced mainly by diffraction. In contrast, the random patterns continue to be seen as coloured under these conditions, too. The change in the colour of the random patterns from left to right as the average hole-to-hole distance is reduced by 20 per cent (in the fourth pattern from the left) is small. The above differences show that the behaviour of the intercalated nanoarchitectures with the random two-dimensional holes differs both from the one-dimensional multilayer and from the onedimensional multilayer intercalated with a regular square array of holes. The moderate change of colour with the change of the illumination angle is similar to the behaviour of the biological 'blueprint'.
The way in which the colour of the intercalated structures depends on the increase in the angle between the illumination and observation angles is different for the natural and the artificial nanoarchitectures. This is attributed to the more complex structure of the natural nanoarchitectures, in which the cylindrical elements constituting the random two-dimensional PBG material penetrating through the one-dimensional structure are not simple holes, but rather are cylinders with a finite wall thickness. The angle of illumination with respect to the normal of the multilayer structure is indicated. Like in the case of the natural structure, by changing the angle between the observation and illumination directions, the colour is shifted only moderately for the squares with random hole distribution. Note that the one-dimensional PhC under the very same conditions does not reflect light (black background) and the colour change exhibited by the regular square array of holes (rightmost column of squares) is significantly larger than for the random arrays of holes. (g) Illumination angle with respect to the plane of the squares as in (e), but the plane of illumination is rotated at an angle of 458 with respect to the rows of holes of the regular (square) pattern. Note that the regular pattern disappears, while all of the random patterns exhibit colour. (h) The square patterns seen under the microscope when illuminated through the microscope objective. Note that all squares appear similarly darker than the bright yellow (unmodified one-dimensional PhC) background. Scale bar: (c) 50 mm.
CONCLUSIONS
In summary, we revealed an unusual, intercalated photonic-crystal-type nanoarchitecture in the elytron of the Taiwanese beetle, T. rothschildi varians, which can be regarded as being composed of a two-dimensional, random PBG material (or amorphous PBG material) (Edagawa et al. 2008 ) intercalated between the layers of a regular, one-dimensional PhC. This intercalated PhC clearly shows different reflecting properties as compared with a Bragg reflector. A similar but not identical bioinspired nanoarchitecture was produced by FIB etching holes through a regular multilayer structure (Bragg reflector). Both the biological 'blueprint' and its artificial counterpart show similar behaviour, like non-specularity and only slightly angle-dependent reflectance. Differences attributed to the more complex structure of the natural nanoarchitecture influence the specific angle dependence of the observed colour. As the manufacturing of three-dimensional, intercalated PhCs like the ones investigated in the present paper is a lot simpler-with well-established technologies like thin film growth, lithography and etching, or ion-beambased methods like FIB-than other methods of producing three-dimensional photonic nanoarchitectures, bioinspiration may provide valuable blueprints in advancing the production of new types of intercalated photonic nanoarchitectures.
